Abstract. The Breit-Pauli R-matrix method developed under the Iron Project has been used to obtain extensive sets of oscillator strengths and transition probabilities for dipole allowed and intercombination fine structure transitions in carbon like ions, Ar XIII and Fe XXI. The complete set consists of 1274 fine structure bound energy levels and 198,259 oscillator strengths for Ar XIII, and 1611 bound levels and 300,079 oscillator strengths for Fe XXI. These correspond to levels of total angular momenta of 0 ≤ J ≤ 7 of even and odd parities formed from total spin of 2S + 1=5,3,1, and orbital angular momenta 0 ≤ L ≤ 9 with n ≤ 10, 0 ≤ l ≤ 9 for each ion. The relativistic effects are included in the Breit-Pauli approximation. The close coupling wavefunction expansion for each ion is represented by the lowest 15 fine structure levels of target configuations, 2s 2 2p, 2s2p 2 and 2p 3 . The energy levels are identified spectroscopically using a newly developed identification procedure. The procedure also makes a correspondence between the fine strucure energy levels and LS terms. This provides the check for completeness of the calculated levels. Comparison is made of the present energies and the f -values with the available observed and theoretical values. Present transition probabilitis agree very well with the relativistic atomic structure calculations of Mendoza et al. for the intercombination transitions, 2s2p
Introduction
With the aim of calculating accurate astrophysical opacities, extensive set of oscillator strengths (f -values) for bound -bound transitions and photoionization cross sections for bound -free transitions were obtained under the Opacity Project (The Opacity Project 1995 , 1996 Seaton et al. 1994) . These data are available through the OP database, the TOPbase (Cunto et al. 1993) . Determination of opacities requires transition probabilities or oscillator strengths for all transitions of all ionization stages of the constituent elements in the plasma as obtained under the OP. However, the OP f -values were obtained in LS coupling whereas transitions among fine structure levels are often needed in various astrophysical models as well as in experimental or observational spectral analysis. For example, electron densities in solar flares can be determined from the fine structure transitions in Fe XXI (e.g. Pallavicini et al. 1977) . Transition probabilies for fine structure levels were obtained for a number of Fe ions, such as Fe II (Nahar 1995) , Fe III (Nahar & Pradhan 1996) and Fe XIII (Nahar 1999 ) through algebraic transformation of LS multiplets calculated in close coupling approximation. Hence, no relativistic effects were included for these transitions.
The Breit-Pauli R-matrix (BPRM) (Hummer et al. 1993 , Berrington et al. 1995 method includes relativistic effects in the Breit-Pauli approximation Burke 1980, Scott and Taylor 1982) . It enables the calculations of both the dipole allowed (∆S = 0) and the intercombination (∆S = 0) transitions, in contrast to LS calculations where only Send offprint requests to: S.N. Nahar dipole allowed transitions could be included. Incorporation of the relativistic effects in the close coupling R-matrix method yields a large number of fine structure transition probabilities with higher accuracy.
However, a major obtstable in the BPRM calculations has been the spectroscopic identification of the large number of fine structure energy levels being calculated. These are obtained as the eigenvalues of the BP Hamiltonian labeled only by the total angular momentum and parity, i.e. by Jπ, which is insufficient for unique identification. Except for large scale model calculations, complete identification of levels is needed for various diagnostics and spectrocopic applications. A new procedure is developed to identify these levels by a complete set of quantum numbers through analysis of collion channels . The procedure also makes a correspondence between the fine structure levels and their proper LS terms.
BPRM method has been applied for large scale computations of f -values for a few iron ions, Fe V , Fe XXIV and Fe XXV (Nahar and Pradhan 1999) . The f -values of Fe XXIV and Fe XXV are found to be very accurate. They agree within a few percent with the measured and other very accurate calculations available for a few transitions. The present work reports oscillator strengths for two carbon like ions, Ar XIII and Fe XXI. Both the dipole allowed and the intercombination transitions are considered. The accuray and completeness of the results are discussed. While samples of fine structure energy and oscillator strengths are presented herein, the complete tables will be available electronically.
Theory
In the coupled channel or close coupling (CC) approximation an ion is described in terms of an (e + ion) complex that comprises of a 'target' or core ion, with N bound electrons, and a 'free' (N+1)th electron that may be either bound or continuum. For a total spin and angular symmetry SLπ or Jπ, of the (N+1) electron system, the total wavefunction, Ψ(E), is represented in terms of the target ion states or levels as:
where χ i is the target ion wave function in a specific state S i L i π i or level J i π i , and θ i is the wave function for the (N+1)th electron in a channel labeled as
i is the incident kinetic energy. In the second sum the Φ j 's are correlation wavefunctions of the (N+1) electron system that (a) compensate for the orthogonality conditions between the continuum and the bound orbitals, and (b) represent additional short-range correlation that is often of crucial importance in scattering and radiative CC calculations for each SLπ.
Details of the theory of Breit-Pauli R-matrix method in the close coupling approximation is described in earlier work (Hummer et al. 1993 ). The method yields the solutions of the relativistic CC equations using the Breit-Pauli Hamiltonian for the (N+1)-electron system to obtain the total wavefunctions Ψ E (e+ion). The Breit-Pauli Hamiltonian is
where H N +1 is the nonrelativistic Hamiltonian,
and the relativistic effects are included through the additional terms which are the one-body mass correction term, the Darwin term and the spin-orbit term respectively. The other relatively weaker Breit-interaction,
representing the two-body spin-spin and the spin-other-orbit interactions are not included. The eigenvalues of the (N + 1)-electron Hamiltonian are the energies of the states such that,
where ν = n − µ(ℓ) is the effective quantum number relative to the core level. µ(ℓ) is the quantum defect.
The oscillator strength is proportional to the generalized line strength defined, in either length form or velocity form, by the equations
and
In these equations ω is the incident photon energy in Rydberg units, and Ψ i and Ψ f are the wave functions representing the initial and final states respectively. Using the energy difference, E ji , between the initial and final states, the oscillator strength, f ij , for the transition can be obtained from S as
and the Einstein's A-coefficient, A ji , as
where α is the fine structure constant, and g i = 2J i + 1, g j = 2J j + 1 are the statistical weight factors of the initial and final states, respectively. In terms of c.g.s. unit of time,
where τ 0 = 2.42 −17 s is the atomic unit of time. The lifetime of a level can be obtained from the A-values of the level as,
where A f is the total radiative transition probability for the level f, i.e.,
Computations
The R-matrix calculations begin with the target wavefunction obtained through configuration interaction atomic structure calculation. Present target wavefunctions are obtained from the atomic structure calculations using SUPER-STRUCTURE (Eissner et al 1974) . The wavefunctions of Ar XIII and Fe XXI are represented by expansions of 15 fine structure levels of the target or the core ion, Ar XIV and Fe XXII, belonging to the 8 lowest LS terms: 2s
. The corresponding 15 fine structure levels alongwith their energies are listed in Table 1 . The energies are the observed ones (Kelly, NIST, for Ar XIV, and Sugar and Corliss 1985 for Fe XXII) for improved accuray. The correlation and spectroscopic configurations and the values of the scaling parameter (λ) in the Thomas-Fermi potential for each orbital of Ar XIV and Fe XXII in the atomic structure calculations are also listed in Table 1 . The bound-channel term, the second expansion in the wavefunction, Eq.(1), includes all possible configurations upto 2p 4 , 3s 2 , 3p 2 , and 3d 2 for both Ar XIII and Fe XXI. The one-and two-electron radial integrals are computed by STG1 of the BPRM codes using the one-electron target orbitals generated by SUPERSTRUCTURE. The number of continuum R-matrix basis functions is 12 for each ion. The calculations consider all possible bound levels for 0≤ J ≤8 with n < 10, ℓ ≤ n − 1, 0 ≤ L ≤ 9, and (2S + 1)=1,3,5, even and odd parities. The intermediate coupling calculations are carried out on recoupling the LS symmetries in a pair-coupling representation in stage RECUPD. The (e + core) Hamiltonian matrix is diagonalized for each resulting Jπ in STGH.
STGB of the BPRM codes calculates the fine structure energy levels and their wavefunctions. As fine structure causes large number of closely spaced energy levels, STGB requires to use an energy mesh of effective quantum number, ∆ν=0.001, an order of magnitude finer than needed in the LS coulping case to avoid levels missing. This increases the computation time considerably.
The oscillator strengths (f -values) are computed using STGBB of the BPRM codes. STGBB computes the transition matrix elements using the bound wavefuncitons created by STGB and angular algebra for the dipole moment calculated by STGH. The STGBB computations are also considerably CPU time extensive due to large number of dipole allowed and intercombination transitions among the fine structure levels.
The BPRM method, which uses the collision theory, describes the energy levels with channel identification for a given total Jπ. A level identification procedure as described in is implemented to identify the levels of Ar XIII and Fe XXI. The identification scheme is based on the analysis of quantum defects and channel wavefunctions similar to that under the Opacity Project . The levels are designated with possible identification of C t (S t L t π t )J t nlJ(SL)π where C t , S t L t π t , J t are the configuration, LS term and parity, and total angular momentum of the core or target, nl are the principle and orbital quantum numbers of the outer or the valence electron, J and SLπ are the total angular momentum, possible LS term and parity of the (N + 1)-electron system. Each level is associated with a numer of collision channels. The identification scheme carries out the quantum defect analysis of the contributing channels with maximum channel percentage weight, i.e., the dominant channels that determine the proper configurations and terms of the core and the outer electrons.
The principle quantum number, n, of the outer electron of a level is determined from its ν, and a Rydberg series of levels is identified from the effective quantum number. Hence, ν of the lowest member (level with the lowest principal quantum number of the valence electron) of a Rydberg series is determined from quantum defect analysis of all the computed levels for each partial wave l. The lowest partial wave has the highest quantum defect. A check is maintained to differentiate the quantum defect of a ′ s ′ electron with that of an equivalent electron state which has typically a large value in the close coupling calculations.
Two levels with the same configuration and set of quantum numbers can actually be two independent levels due to outer electron spin addition/ subtraction to/from the parent spin angular momentum, i.e. S t ± s = S. The lower energies are normally assigned with the higher spin multiplicity. However, the energies and effective quantum numbers (ν) of levels of higher and lower spin multiplicity can be very close to each other, in which case the spin multiplicity assignment may be uncertain.
Following level identification, a direct correspondence is made with standard spectroscopic designations that follow different coupling schemes, such as between LS and JJ. he correspondence provides the check for completeness of calculated set of levels or the levels missing. The level identification procedure involves considerable manipulation of the bound level data and, although it has been encoded for general applications, still requires analysis and interpretation of problem cases of highly mixed levels that are difficult to identify. These are processed for possible correspondence between the sets of SLπ and Jπ of the same configuration, and are checked for the completeness of all fine structure levels within an LS term. A computer program, PRCBPID, is developed to carry out the identification scheme .
Results and Discussions
The fine structure energy levels and oscillator strengths for the dipole allowed and the intercombination transitions are discussed in separate subsections below.
Energy Levels
A total of 1274 bound fine structure energy levels of Ar XIII and 1611 levels of Fe XXI are obtained. These correspond to total angular momenta of 0 ≤ J ≤ of both even and odd parities formed from spin multiplicities of 2S + 1 = 5,3,1, total orbital angular momenta of 0 ≤ L ≤ 9 with n ≤ 10, 0≤ l ≤ (n − 1).
The energy levels have been identified by an identification procedure as mentioned above. These levels are presented in two formats: (i) in Jπ order for practical applications and (ii) in LS term order for spectroscopy and completeness check up. Table 2a presents a partial set of energy levels of Ar XIII in format (i), i.e., in Jπ order (the complete table is available electronically). At the top of each set. N J is the total number of energy levels for symmetry of Jπ. For example, there are 56 fine structure levels of Ar XIII with Jπ = 0 e . However, in the table, only part of the levels belonging to symmetry, Jπ, are presented for illustrations. For each level with a valence electron, the effective quantum number, ν = z/ (E − E t ) where E t is the immediate target threshold, is given next to the energies. ν is not defined for equivalent electron levels and is not given for them. Each level is assigned to one or more LS terms. If number of possible term is more than one, all are specified. Initially the term designation for a level with multiple LS term assignment can be made using Hund's rule, that the term with higher angular momentum lies lower in energy. For example, the three levels 4, 5, and 6 of set Jπ = 1 e are assigned with 3 possible terms, 3 (SP D) e , whereupon the first level, i.e., level 4 is 3 D e , while level 5 is 3 P e , and level 6 is 3 S e . One reason for specifying all possible terms is that the order of calculated energy levels may not match exactly that of the measured ones. The other reason is that Hund's rule may not apply to all cases for complex ions; nonetheless it is useful to establish completeness. Similar sets of levels for Fe XXI are presented in Table 3a . Table 2b presents the levels in ascending energy order regardless of Jπ values, and are grouped together according to the same configuration to show the correspondence between two sets of representations, in J-levels and in LS terms. (Listing of the lowest levels of equivalent electron states are omitted as they are given in energy comparison table). The grouping of levels provides the check for completeness of sets of energy levels that should belong to the corresponding LS term, and detects any missing level. The title line of each set of levels in Table 2b lists spin multiplicity (2S+1), parity, all possible L-values that can be formed from the core or target term, and outer or the valence electron angular momentum. The J-values for each possible LS term are specified within the parentheses next to the value of L. 'Nlv' is the total number of J-levels that are expected from this set of LS terms. This line is followed by the set of BPRM energy levels of same configurations. 'Nlv(c)', at the end of the set, specifies the total number of J-levels obtained. If Nlv = Nlv(c) for a set of levels, the calculated energy set is complete. The correspondence of couplings and completeness of levels are carried out by the program PRCBPID which also detects and prints the missing levels. For example, in the set for 3 (G, H, I) e for Ar XIII near the end of Table 2b , the set is found to be incomplete where four levels of J=5,4,6,5 are missing. Sets with missing levels usually lie in the high energy region. Each level of a set is further identified by all possible LS terms (specified in the last column of the set). The multiple LS terms can be reduced to the most probable (but approximately) one using Hund's rule, as explained above. It may be noted that levels are grouped consistently in closely spaced energies and in effective quantum numbers confirming the designation of the LS terms. Similar sets of levels of Fe XXI are presented in Table 3b .
The BPRM energy levels for Ar XIII and Fe XXI are compared in Table 4 with the limited number of levels observed. The 55 observed levels of Ar XIII (Kelly, NIST) are not in the compiled list by the NIST. However, the calculated fine structure energies agree with these observed ones to about 1% for most of the levels. The difference is upto 9%. The agreement between the observed and calculated energis is much better for Fe XXI (Table 4 ). There are 39 observed energy levels of Fe XXI (Sugar and Corliss 1985) . Present energies agree with the observed ones to less than or about 1% for all except two levels that agree within 2%. In Table 4 the column next to the J-column is for the energy level index, I J . The energy level index specifies the position, in ascending order, of the level in the calculated set of energies of Jπ symmetry. It is necessary to use the level indices to make correspondence between the calculated and observed levels for later use.
Oscillators strengths
The total number of oscillator strengths (f -values) obtained for fine structure bound-bound transitions in Ar XIII is 198,259 and for Fe XXI is 300,079. These include both the dipole allowed (∆S =0) and the intercombination (∆S = 0) transitions. Complete sets of f -values for both Ar XIII and Fe XXI are available electronically.
Partial sets of the oscillator strengths for Ar XIII and Fe XXI are presented in Tables 5 and 6 respectively. The format of the tables is the same as that of the electronic files for the f -values. At the top of each table, the two numbers are the nuclear charge (Z = 18 for Ar XIII and = 26 for Fe XXI) and number of electrons in the ion, N elc (= 6 for carbon like ions). Below this line are the sets of oscillator strengths belonging to a pair of symmetries, J i π i − J j π j , specified at the top. The symmetries are expressed in the form of 2J i and π i (=0 for even and =1 for odd parity), 2J j and π j . For example, Tables 5 and 6 present partial transitions among the levels of symmetries J = 0 e and J = 1 o for Ar XIII and Fe XXI respectively. The line following the transition symmetries are the number of bound levels, N Ji and N Jj . This line is followed by N Ji × N Jj number of transitions. The first two columns are the level indices, I i and I j (as mentioned above) for the energy indices of the levels, and the third and the fourth columns are their energies, E i and E j , in Rydberg unit. The fifth column is the gf L for the allowed transitions (∆J = 0,±1). f L is the oscillator strength in length form, and g = 2J + 1 is the statistical weight factor of the initial or the lower level. A negative value for gf means that i is the lower level, while a positive one means that j is the lower level. Column six is the line strength (S). The last column in the table gives the transition probability, A ji (sec −1 ). Complete spectroscopic identification of the transition can be obtained from Tables 2a and 3a by referrring to the values of J i π i , I i , J j π j , and I j . For example, the first transition for Fe XXI in Table 6 corresponds to, as identified in Table 3a , dipole allowed transition 2s
. A set of transition probabilities for both Ar XIII and Fe XXI has been reprocessed such that observed energy differences, rather than the calculated ones, are used to calculate the f -and A-values from BPRM line strengths, Svalues (Eqs. 7 and 8). This improves the accuracy of the f -and A-values of the relevant transitions; observed energies have lower uncertainties than the calculated ones. Hence, for any comparison or spectral diagnostics, values from these tables should be used. The reprocessing of f -and A-values has been carried out for the transitions among all the observed levels. The reprocessed set of oscillator strengths consists of 333 transitions of Ar XII and 184 of Fe XXI (the reprocssed sets are also available electronically). Sample sets of the reprocessed oscillator strengths are presented for both the ions in Tables 7a and 8a . Transitions are listed in Jπ order, and in contrast to the large complete files (Tables 5 and 6 ) they are given with complete identification. The level index, I i , for each energy level in the tables is given next to the J-value for an easy link to the complete f -file.
In a model calculation requring large number of transitions, the reprocessed values of f and A for Ar XIII and Fe XXI should replace those in the large complete files. For example, the transition J = 0 Table 7a corresponds to the first transition in Table 5 , and hence, the f -and A-values of Table 7a should replace those in Table 5 . The overall replacement in Tables 5 or 6 can be carried out by sorting out the reprocessed transitions through their energy level indices. The set of level indices of each symmetry Jπ for both Ar XIII and Fe XXI that correspond to these transitions are given in Table 9 . All allowed transitions (∆J = 0, ±1 except among J=0 levels) among these levels have been considered.
The reprocessed transitions are further ordered in terms of their configurations along with the LS terms. This enables one to obtain the f -values for the LS multiplets and check the completeness of the set of fine structure components belonging to the multiplet. However, the completeness depends also on the observed set of fine structure levels since reprocessed transitions correspond only to those levels that have been observed. A partial set of these transitions is presented in Table 7b for Ar XIII and Table 8b for Fe XXI (the complete table is available electronically). The LS multiplets are useful for various comparisons with other calculations and experiment where fine structure transitions can not be resolved. The oscillator strengths are also compared with available ones in Tables 7b and 8b .
The oscillator strengths for a large number of fine structure transitions in Ar XIII and other carbon like ions have been obtained by Zhang and Sampson (1997) in the relativistic distorted wave calculations. They consider the transitions among the n = 2 and n = 3 levels. The other source of transition probabilities for Ar XIII is TOPbase (the database for the Opacity Project data) where transition probabilties for LS multiplets are given for states with n ≤ 10. These values were calculated by Luo and Pradhan (1989) in the close coupling approximation using non-relativistic R-matrix method. Comparison of the present BPRM oscillator strengths with the previous calculations in Table 7b shows that present LS multiplets obtained from the fine structure components agree quite well with those of Luo and Pradhan except for the transition, 2s2p
However, comparison with Zhang and Sampson shows various degrees of agreement. There is good agreement for some fine structure components compared to others in the same LS multiplet, e.g. for 2s
2 2p 2 (
The largest difference is found in the weak transitions. The f -values of Fe XXI have been compiled by Fuhr et al. (1988) and Shirai et al. (1990) (both references have the same values). Similar to the above case of Ar XIII, the Fe XXI oscillator strengths compare well for some but poorly for other fine structure components within a multiplet, with previous calculations (Table 8b) . Similarly the multiconfiguration Dirac-Fock calculations by Cheng et al (1979) compare well with the BPRM f -values for some components, but poorly with others. The LS multiplets are compared with those of Luo and Pradhan (1989) and in general agree very well with the present BPRM A-values.
Recently Mendoza et al. (1999) have calculated the transition probabilties for the intercombination transitions 2s2p
in the carbon isoelectronic sequence ions. Through extensive relativistic atomic structure calculations they study the effects of Breit interactions in the transition probabilties for these weak transitions. They estimate an accuracy better than 10% for A-values belonging to the ground levelsi 3 P 1,2 and 20% for the 1 D 2 . Their values for Ar XIII agree very well with the present BPRM A-values (Table 7b) Mendoza et al (1999) provides a measure of uncertainty of the present BPRM results. They studied the effect of Breit spin-spin and spin-other orbit interactions which are not included in the present work. The good agreement with them for these very weak transtions indicate the uncertainty of the present results to a maximum of 14% for most of the transitions.
The discrepancy between the oscillator strengths in length and velocity forms (f L and f V ) is an indicator of accuracy consistent with the method of calculations. In the present results, it is found that the dispersion of the f L and f V values for Fe XXI is mainly in the very weak transitons. However, the dispersion is larger for Ar XIII; it is expected that the dispersion is caused mainly by the values of f V . Inclusion of more configurations in the Ar XIII wavefunction expansion could have improved the agreement. However, the length form in a close coupling approximation is more accurate than the velocity form as it depends more on the asymptotic form of the wavefunction is better represented in the R-matrix method.
Conclusion
We have described some of the first large-scale ab initio relativistic calculations of transition probabilities now in progress under the Iron Project. Large datasets for the fine structure energy levels and oscillator strengths for the carbon like Ar XIII and Fe XXI are presented. These exceed far in the presently available data for these two ions. All the calculated energy levels, 1274 for Ar XIII and 1611 for Fe XXI, have been spectroscopically identified and checked for completenss. All data are available electronically. Part of the f -values have been reprocessed using available observed energies for better accuracy. 2, 3, 4, 5, 6, 7, 8, 9, 16, 18, 20, 21, 30, 31, 43 2, 3, 4, 5, 6, 7, 8, 9, 15, 16, 19, 29, 44, 46 ,2,3,4,6,8,9,39,40,41,72 3 o 9 1,2,3,4,22,23,24,50,51 
